Thyroid eye disease (TED) is a debilitating disease impairing the quality of life of affected patients. Treatment is often not satisfactory. This review summarizes the existing literature and discusses the most widely used forms of treatment for TED such as glucocorticoids (GCs), and other immunosuppressive agents. GCs are the most commonly used treatment in patients with TED. Other immunosuppressive agents such as cyclosporin A, azathioprin, cyclophosphamide and ciamexone have been used, but the results are modest at best and indicate an unfavorable benefit±risk relationship. Limited experience indicates that methotrexate may be effective even in patients with refractory TED. Somatostatin analogs, octreotide and lanreotide, may provide a valuable, although costly, therapeutic alternative to GCs. Orbital radiotherapy has been used in the management of TED for almost 60 years. However, its beneficial effects have been questioned recently by several studies, the details of which have not yet been published. Other studies have argued in favor of orbital radiotherapy; however, the benefits appear to be limited to improvement of extraocular muscle dysfunction.
Introduction
Thyroid eye disease (TED) is an inflammatory condition of the orbits and the most frequent extrathyroidal complication of Graves' disease (1, 2) . It is an organspecific autoimmune disease that is characterized by enlargement of the extraocular muscles and increased retrobulbar fatty/connective tissue, which cause exophthalmos, periorbital swelling, and venous congestion, the main clinical manifestations of the disease.
Involvement of orbital soft tissues, cornea, and optic nerve may occur during the natural history of the disease (3) . Identification of patients with TED is based primarily on clinical signs and symptoms affecting one or both eyes (4) . Additional information can be obtained from newer imaging methods such as magnetic resonance imaging (MRI) or computed tomography (CT), which identify gross changes in the retrobulbar space such as muscle swelling, edema, and sometimes fibrosis (2, 5, 6) .
The pathogenesis of TED is almost certainly multifactorial. During the early stages of the disease, macrophages, highly specialized T cells, mast cells, and occasional plasma cells infiltrate the orbital connective, adipose, and muscle tissues (7, 8) . Activation of T cells directed against a thyroid follicular cell antigen(s) that then recognizes and binds to a similar antigen(s) in orbital tissue is a probable but yet unproven theory (9) . Alternatively, macrophages and dendritic cells may nonspecifically initiate the orbital immune response, which is then propagated by recruitment of sensitized T cells.
Several cytokines have been associated with the evolution of the orbital tissue changes in TED (10, 11) . These include interferon g (IFNg) (12) , tumor necrosis factor-a (TNF-a), interleukin-1 (IL-1), and transforming growth factor-b (TGF-b) (13) as well as other growth factors such as insulin-like growth factor-I (IGF-I) (14, 15) and platelet-derived growth factor (16, 17) . These compounds are now known to be produced both by infiltrating immunocompetent cells and by residential fibroblasts, adipocytes, myocytes, and microvascular endothelial cells. These cytokines and growth factors stimulate cell proliferation, glycosaminoglycan (GAG) synthesis, and expression of immunomodulatory molecules in orbital fibroblasts and microvascular endothelial cells (2, 17±19 ). An increase in connective tissue and extraocular muscle volume within the bony orbits caused by accumulating hydrophilic compounds (predominantly GAG, the hydrophilic nature of which can attract water by osmosis) leads to the clinical manifestations of TED and causes proptosis, extraocular muscle dysfunction, and periorbital edema (2, 3) .
It is frequently impossible to define the activity of the pathologic process and particularly the presence or absence of fibrosis upon clinical ocular examination (1, 2) . Thus, it is sometimes difficult to distinguish the clinically active inflammatory stages of the disease from immunologically inactive, often fibrotic stages of the disease. Accurate assessment of the immunological activity of ophthalmopathy at the time of initial presentation is essential in order to chose the optimal therapeutic approach, as immunosuppressive therapy is beneficial mainly during the earlier active stages, whereas surgery represents the treatment of choice for advanced, inactive stages of the disease (9).
Glucocorticosteroids: dinosaurs are still the prime choice
In the absence of better alternatives of proven efficacy, immunosuppressive treatment of TED still largely rests with the use of glucocorticosteroids (GCs). Glucocorticosteroids exert a plethora of rather nonselective immunoregulatory and immunosuppressive actions; for example, they interfere with T-and B-lymphocyte functions, inhibit mononuclear cell recruitment to areas of inflammation, downregulate the expression of endothelial and extravascular adhesion molecules, and inhibit or modulate the production and release of various chemokines, cytokines, and arachidonic acid metabolites. Many of their effects are mediated through an inhibition of NFkB (20) . In the context of TED, GCs have been shown to inhibit expression of human leukocyte antigen-DR (HLA-DR) and adhesion molecules by orbital fibroblasts, to decrease orbital fibroblast-associated metabolic activities such as cell proliferation as well as synthesis and release of GAG, and to suppress the production and release of various cytokines (21±23). Oral GCs have been employed for the management of active TED for more than four decades, and their efficacy is well documented in the literature. Since 1958, at least 14 published studies have reported an average response rate of 63% (range: 40±100%) in 212 patients treated with oral glucocorticosteroids (24) . Unfortunately, oral GCs therapy is frequently accompanied by unpleasant and potentially dangerous side effects, resulting in significant treatment-induced morbidity and poor patient compliance. Moreover, suppression of the inflammatory activity of TED by GCs is rarely long lasting once treatment doses have been tapered off. Finally, GCs have been shown to promote adipogenesis both in vitro and in vivo, which may be detrimental if it occurs within the orbits in patients with TED.
Are intravenous glucocorticosteroids the way to go?
Intravenous administration of GCs was initiated as a treatment for TED in the late 1980s. This was prompted by preliminary reports suggesting improved efficacy and reduced side effects of the intravenous as compared with the oral route. Since then, at least 11 studies have assessed the role of intravenous pulse therapy in TED (24) . The average response rate was 77% (range: 33±100%) in 157 patients treated with intravenous glucocorticosteroids (24) . From these studies, it appears that intravenous glucocorticoid pulse therapy exerts fewer side effects and is indeed better tolerated by patients than oral glucocorticoid therapy. Hyperglycemia, hypertension, infections, gastrointestinal problems, electrolyte disturbances, and psychiatric complications are the main side effects reported, but these appear to be rare events. Although significantly more laborious and costly to administer, the efficacy of intravenous bolus therapy with GCs may be superior to conventional oral treatment. This may be particularly relevant in patients with optic neuropathy, when a rapid treatment effect is urgently needed. However, the results of a randomized clinical trial directly comparing the two routes of GCs administration are still awaited. Because different regimes of drug administration, different dosages, and different associated treatments were used in the various studies, it is still difficult to conclude what intravenous GCs pulse doses and treatment intervals should be chosen and how treatment should be continued orally after the intravenous treatment phase. Furthermore, the potential advantages of the intravenous route of administration have to be weighed against a small but potentially serious risk of hepatotoxicity, as suggested by a recent report of a patient with TED who died from hepatic failure following intravenous glucocorticoid pulse therapy (25) . Although underlying viral or autoimmune hepatitis or concomitant treatment with antithyroid agents may have increased the risk of hepatotoxicity, the etiology of this rare but serious side effect remains uncertain and worrisome.
Other immunosuppressive agents: a wide choice of unproven options
Other immunosuppressive agents, such as cyclosporin A, azathioprin, chlorambucil, cyclophosphamide, and ciamexone, are either ineffective in TED or carry an unfavorable benefit±risk relationship (24) . Low-dose treatment with methotrexate is being used with apparent success even in patients with refractory TED (A E Heufelder, H D Schworm & G Heufelder, unpublished observations); however, data from prospective clinical studies to conclusively prove its efficacy are still lacking. Given the striking similarities of the pathogenesis of rheumatoid arthritis (RA) and TED (26) and the fact that methotrexate has become a standard form of treatment for RA, this interesting drug deserves to be examined in patients with TED in a randomized, controlled study.
Orbital radiotherapy: newer studies cast doubts on standard procedure
Orbital radiotherapy (OR) has been used in the management of TED for 60 years. The rationale for its use resides with its nonspecific anti-inflammatory effects, which may include an inhibition of survival and metabolic activities of both activated mononuclear cells and orbital fibroblasts (24) . In addition, low doses of ionizing irradiation have recently been shown to stimulate, in orbital fibroblasts, the production and release of IL-1 receptor antagonist, a potent local inhibitor of the pluripotent pro-inflammatory IL-1 in TED (27) . In a survey of 11 studies involving 351 patients with TED, beneficial effects of OR were reported in 65% of cases, a percentage similar to that observed with oral prednisone (24) . Orbital radiotherapy has little if any effect on proptosis, but tends to improve soft tissue inflammatory changes and optic neuropathy, although this was not supported by a recent prospective controlled clinical trial (28) . In this well-conducted study, a significant but modest beneficial effect was only observed with respect to extraocular muscle dysfunction. However, despite this small benefit concerning diplopia, the percentage of patients spared from corrective strabism surgery was rather modest, raising the question of whether the time and expense associated with this procedure justify the routine use of OR in patients with TED (28) .
The efficacy of standard OR has recently been challenged by a randomized prospective clinical study conducted at Mayo Clinic, Rochester, USA by C A Gorman, the details of which have not yet been published. Therefore, the role of OR in TED will have to be reassessed once these data have become available. Moreover, several recent studies have suggested that low-dose OR may be at least as effective as conventional high-dose OR in patients with active TED. In a retrospective evaluation of high (20 Gy) and low (10 Gy) doses of OR in more than 100 patients, no significant differences in outcome were observed (29) . Furthermore, a randomized trial by the same authors compared three different radiotherapy protocols in 62 euthyroid patients with moderately severe, clinically active TED and no optic nerve involvement (30) . Orbital radiotherapy (telecobalt 60) was administered in 20 fractions of 1 Gy per week over 20 weeks (group A), in 10 fractions of 1 Gy per day (group B), or in 10 fractions of 2 Gy per day over two weeks (group C). A successful outcome was observed in 67% (group A), 59% (group B), and 59% (group C) of patients. In patients with moderately severe, active TED, the prolonged 1 Gy/week protocol appeared to be more effective and better tolerated than the shorter radiotherapy regimens, and both subjective and objective ophthalmic signs decreased most in groups A (1 Gy/ week) and B (1 Gy/day). These data are in agreement with those of a study by Ravin et al. (31) , who treated 37 patients with 10 fractionated doses of 1 Gy only. Muscle function in subjects with eye muscle abnormalities improved but did not return to normal. Visual function improved in all nine patients with optic neuropathy, although one patient still required orbital decompression.
The benefits of conventional OR are further challenged by the results of a prospective, randomized study conducted at 8 centers in Germany (J Gerling, unpublished observations). However, as the results of this study have been reported in abstract format only, detailed analysis of the data has yet to be achieved.
Orbital radiotherapy has been used in association with systemic high-dose GCs to combine the more rapid action of GCs and the more persistent effect of irradiation (32) . In two randomized, prospective studies, the Pisa group showed that combined therapy was more effective than either GCs (33) or orbital radiotherapy alone (34) , suggesting a possible synergistic effect of these two forms of treatment. Moreover, Prummel et al. (35) reported that orbital radiotherapy and high-dose oral prednisone were equally effective in patients with moderately severe ophthalmopathy, although prednisone was slightly more effective in reversing soft tissue changes, and orbital radiotherapy was somewhat superior in improving eye muscle motility.
In general, orbital radiotherapy is usually well tolerated and safe (36) , although transient exacerbation of orbital edema, conjuctival hyperemia, and chemosis may occur during the first week of treatment. Also, cataract formation is a well-known complication of lens irradiation (37) , and its severity and progression are dose related (38) . Radiation-induced retinopathy has been noted in patients treated with cumulative doses much higher than those commonly used for TED (39) . Kriss et al. (40) reported no significant retinal damage in patients treated with 30 Gy or less. However, pre-existing diabetic retinopathy may increase the likelihood of further damage to the retina by radiation.
Somatostatin and somatostatin receptors
Somatostatin (SM) was originally detected as an inhibitor of the release of growth hormone (GH) by the pituitary gland. It is produced in two biologically active forms: a 14 amino acid form (SM-14) and an amino-terminally extended 28 amino acid form (SM-28). Somatostatin is found throughout the human body, but mainly within the endocrine glands and nervous system. In the CNS, it can act as a neurohormone and neurotransmitter, whereas in peripheral tissues it regulates endocrine and exocrine secretions and acts as a modulator of motility in the gastrointestinal tract (41) . In 1978, Scho Ènbrunn and Tashjian (42) first described SM receptors (SM-Rs) in the rat pituitary tumor cell line GH4C1. The genes for the family of SM-Rs have been cloned in recent years (43) . These genes are located on different chromosomes, but have a high sequence homology (44) . Until now, five subtypes of human SMRs have been identified, all with a high affinity for SM-14 and SM-28 (45) . Different SM-Rs can be expressed in the same tissues in overlapping patterns. All SM-Rs are coupled to G-proteins in the cell membrane and generate a transmembrane signal after binding of SM or SM analogs (SM-a) (46) .
Clinical use of SM analogs in the treatment of TED
Various SM-a have been developed and used in clinical practice because the short half-life of SM-14 makes it unsuitable for routine treatment. The most frequently used SM-a are octreotide and lanreotide. The half-life of octreotide is 90±120 min when administered subcutaneously, and the pharmacodynamic effect lasts for 8± 12 h (47). Lanreotide, a new long-acting analog of SM provided in a slow-release formulation, is more active than natural SM and shows a much longer duration of action. It has been proved to be effective in the treatment of acromegaly and is well tolerated when administered twice or three times per month (48, 49) . Moreover, the long-acting release formulation of octreotide (Sandostatin-LAR), which has recently become commercially available and can be administered once every 4 weeks intramuscularly, has also proved to be very effective in suppressing GH and IGF-I in acromegaly (50, 51) .
The effects of octreotide and lanreotide were found to be mediated mainly through SM-Rs subtypes 2 and 5 (45) . New subtype-specific SM-a and SM-a antagonists, as well as nonpeptide subtype-specific SM-a are currently being developed and are of particular interest for clinical application (52) .
Recent studies have shown successful therapy with octreotide in patients with active TED. Chang et al. (53) , in an uncontrolled study, reported that octreotide had a beneficial effect in 6 patients with TED. In one controlled study (54), we found that octreotide treatment had a beneficial effect in 12 patients with moderately severe TED. Moreover, we showed that the response to low-dose octreotide treatment (300 mg daily) in these patients was correctly predicted by octreoscan-111. We proposed that octreoscan may predict the effectiveness of treatment with nonradioactive octreotide. However, we have encountered a small number of patients with a negative octreoscan who still responded to octreotide therapy.
In an uncontrolled study (55) , 10 patients were treated with octreotide (0.3 mg/day) for 3 months; although the authors claimed that 8 patients responded to this treatment, a critical reappraisal of their data seems to suggest that no more than 5 patients experienced a real improvement in ocular conditions, proptosis being only minimally affected. This treatment was particularly successful, however, in patients with soft tissue involvement (class II or III) (55) . In another uncontrolled study, Kung et al. (56) evaluated the usefulness of octreotide compared with GCs. These authors noted that GCs and octreotide treatment were able to decrease, to a similar extent, the palpebral aperture and activity score after 3 months, but overall activity scores were lower after GCs compared with octreotide treatment. In addition, only GCs treatment was able to reduce intraocular pressure and muscle size as documented by MRI (56) . By contrast, neither octreotide nor GCs significantly improved proptosis, whereas glycosaminoglycan excretion was reduced after both treatments (56) . Finally, an absence of a beneficial effect of octreotide treatment was reported by Durak et al. (57) in three patients with active Graves' ophthalmopathy despite using high doses of the drug (1 mg/day).
Recently, we administered lanreotide at a dose of 40 mg every 2 weeks over a period of 3 months to five patients with moderately severe Graves' ophthalmopathy and a positive octreoscan (58) . Four of the five patients showed significant improvement of clinical activity scores (CAS) in both eyes, and the remaining patient showed improvement in one eye. These data were confirmed in a very recent study in which octreoscans were repeated at the end of the third month of treatment and were found to be negative in all patients (59) .
Despite these promising results, it must be stressed that most of the studies conducted to date were uncontrolled and have included only small numbers of patients. Thus, a randomized, placebo-controlled prospective clinical study is needed, and such a study is currently under way.
The exact mechanism of action of SM-a has not yet been fully clarified. Three main explanations can be offered. First, SM suppresses IGF-I activity, and inhibition of IGF-I-mediated effects may be a promising strategy for controlling the orbital inflammatory process and its deleterious consequences (60) . A second possible mechanism of action is direct inhibition of the release of lymphokines from T-lymphocytes (61) . Cytokines, such as IL-1, IFN-g, and TNF-a, are known to be produced by orbital macrophages, dendritic cells, and infiltrating activated lymphocytes. These pro-inflammatory mediators are thought to play an important role in triggering and perpetuating the cascade of reactions that occur in the retro-orbital space of TED and eventually lead to clinical disease through stimulation of GAG synthesis in orbital preadipocytes and fibroblasts (2, 3) . In addition, several of these cytokines stimulate the expression of immunomodulatory proteins (HLA-DR, heat shock protein-72, and intercellular adhesion molecules) by orbital fibroblasts, thus aiding in the perpetuation of the autoimmune response in the orbital connective tissue (3, 17) .
Finally, SM-a may act directly on target cells through specific cell surface receptors. Gene expression of SM-R 1±5 has been analyzed in various orbital cell types. In these studies, Graves' orbital lymphocytes were found to express SM-R 1±5, whereas in TED, orbital adipose tissue RNA encoding SM-R 1±3 and 5 was detected (62, 63) . In TED, extraocular muscle revealed expression of SM-R 1 and SM-R 2 genes, whereas orbital fibroblasts appear to express SM-R 1±3, but not SM-R 4 or 5 (62) . Taken together, these data suggest that SM-a may bind to certain SM-R on the surface of various orbital cell types, such as lymphocytes, fibroblasts, and muscle cells, thereby altering their immunologic and metabolic activities (63) . However, it is likely that SM-a act through a combination of these effects.
Cytokine antagonists: hope for the future As outlined above, cytokines are critically involved in the pathogenesis of TED. They act both by triggering and perpetuating the cascades of reactions occurring in the retro-orbital space and eventually leading to the clinical manifestations of the disease (17) .
Currently, the use of soluble cytokine receptors, either natural or genetically engineered cytokine antagonists, and anti-inflammatory cytokines in the management of severe inflammatory disorders is being investigated. Modulators of cytokine activity can exert their effects through multiple different mechanisms (64) . Until now, little information has been available concerning the efficacy of IL-1 antagonists in human disorders (65) , although IL-1 receptor antagonist (IL-1RA) has been reported to have favorable effects in glucocorticoid-resistant graft versus host disease (66) and in septic shock syndrome (67) . Ongoing studies are focused on the use of these biological agents in the management of refractory rheumatoid arthritis and lupus nephritis (68) . However, the question of whether and to what extent IL-1 antagonists can be considered an effective treatment for these diseases has not been addressed. Tan et al. (69) demonstrated in vitro that soluble IL-1R and IL-1RA can inhibit IL-1-stimulated GAG synthesis and secretion by retro-orbital fibroblasts derived from patients with TED and highlighted the possibility that IL-1 antagonists might be useful for the treatment and/or prevention of TED (69) . Nevertheless, it remains to be proved whether this also occurs in vivo and, more importantly, whether this results in an amelioration of the clinical symptoms of the disease. At present, the only trial of presumed cytokine modulation in TED was a small pilot study using pentoxifylline. This agent has significant anti-cytokine activity and was shown to inhibit IL-1-, TNF-a-, and IFN-g-induced HLA-DR expression and GAG synthesis in cultural orbital fibroblasts. Ten patients with moderately severe TED were given intravenous pentoxifylline for 10 days, followed by oral therapy for an additional 10 weeks (70) . Eight of the ten patients treated showed some improvement of soft tissue swelling, but not of proptosis or extra-ocular muscle involvement. Serum GAG and TNF-a levels declined only in the responders. It has to be mentioned that the lack of a control group in this study makes the findings very difficult to interpret.
However, before we consider anticytokine treatment effective and valuable for TED, there are several reasons why some caution should be observed. First, it is important to realize that in some instances soluble receptors (and cytokine autoantibodies) may function as specific carriers of cytokines, thereby increasing their biological half-life and facilitating rather than neutralizing their activities in the body (64) . Secondly, information concerning the long-term safety of such agents is still lacking, especially when they are administered parenterally for a prolonged period of time. In addition, the doses of these agents required to reach a therapeutically effective concentration in the retro-orbital space remains to be defined. Thirdly, the cost-benefit ratio of a therapeutic course with these drugs has not yet been evaluated. This is particularly important because these drugs are very costly, they need to be used for an extended period of time, and their main benefit may rest with prevention rather than treatment of the disease (69) . Finally, these compounds must be compared with conventional therapies to determine whether they do, indeed, provide superior efficacy along with better tolerability.
Despite these reservations, cytokine antagonists urgently deserve evaluation as a novel and promising approach to the treatment of TED. Clearly, further studies are needed to assess their safety, to determine their effective doses, and to evaluate the cost±benefit ratio of these new agents. Still, it has to be remembered that this therapeutic approach does not address the underlying basic mechanism of the disease. Unless an etiological treatment can be designed, we cannot claim that a fully satisfactory therapeutic approach to the disease has been achieved.
Conclusions
TED is an organ-specific autoimmune disease that is characterized by an enlargement of extraocular muscles and by an increase of retrobulbar connective tissue and fat. The pathogenesis of the disease is multifactorial. Several cytokines and growth factors, as well as various types of immunocompetent cells, have been detected within the orbital tissues in TED. These cytokines and growth factors stimulate cell proliferation, GAG synthesis, and expression of immunomodulatory molecules in orbital fibroblasts and microvascular endothelial cells. The increased accumulation of hydrophilic compounds, predominantly hydrophilic GAG, within the body orbit eventually leads to the clinical manifestations of TED. It has been suggested that immunosuppressive therapy is beneficial only during the earlier active stages of the disease, whereas surgery represents the treatment of choice for the inactive stages of the disease.
Glucocorticosteroids are still the most widely used treatment in patients with thyroid ophthalmopathy, and they exert a plethora of nonspecific immunoregulatory and immunosuppressive actions. Other immunosuppressive agents such as cyclosporin A, azathioprin, cyclophosphamide, and ciamexone have been used in the treatment of patients with TED, but the results are, at best, modest and carry an unfavorable benefit±risk relationship. In a preliminary study, methotrexate, the treatment standard for RA, appears to be effective even in patients with refractory TED; however, data from prospective, controlled clinical trials are needed to prove its efficacy. Orbital radiotherapy alone or in combination with systemic high dose GCs has been used in the management of TED for almost 60 years. Recent studies and data have suggested that lowdose OR may be at least as effective as conventional high-dose OR in such patients. Moreover, its beneficial effects have been questioned recently by several studies, the details of which have not yet been published and, therefore, cannot be evaluated.
In recent years, several studies have shown promise with the long-acting SM-a octreotide and lanreotide in patients with active TED. SM-a may provide a welltolerated, although costly, therapeutic alternative to GCs, especially in patients who experience significant side effects on GCs. However, data from prospective placebo-controlled studies with larger numbers of patients are needed before their role in the treatment of TED can be defined.
